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FIG. 3. Optimized structures of protonated b-, R-, and -MnO2 polymorphs 
containing Mn vacancies.

Influence of Surfaces and Structural Defects on the Electrochemical Properties of MnO2 in Rechargeable 
Zn/MnO2 Batteries

Abstract: Theperformanceof MnO2 cathodesin rechargeablesolid-statealkalineZn/ MnO2 batteriescanbe enhancedby nanostructuringandby introducingcationandoxygenvacanciesinto the crystal
structureof MnO2. However,the mechanismof this enhancementhasnot beeninvestigatedin detail. Weapplyab initio densityfunctionalcomputationalmethodsto studythe mechanismof hydrogenion
insertion into the structuresof -̡, R-, and -ɹ MnO2 polymorphscontainingcation vacancies,oxygenvacancies,and surfaces. Our calculationsshow that the presenceof bulk defects and surfaces
significantlychangesthe binding energiesof hydrogenions inserted into the crystalstructuresof MnO2 polymorphs. The resultsof our study show that surfacesand structural defectshavea strong
influenceon the electrochemicalpropertiesof MnO2.
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A first-principlesdensityfunctionalpseudopotentialmethod was
employedin this study. The calculationswere carried out using
the Quantum ESPRESSO(opEn-Source Packagefor Researchin
Electronic Structure, Simulation, and Optimization) electronic
structure code.7 Theexchange-correlation energywas evaluated
using the GGA-PBEsolfunctional.8 Norm-conserving ultrasoft
Vanderbilt pseudopotentialswere utilized in the calculations.9

Structuraloptimizationwasperformedusingthe BFGSalgorithm.

FIG. 1. Optimized structures of b-, R-, and -MnO2 polymorphs.

Computational Methods

Alkaline Zn/MnO2 batteries offer great promise for large-scale
electrical energy storageand load-levelling applicationsdue to
their environmentalsafety, low cost, and high energy density.1

Most Zn/MnO2 batteries use electrolyticg-MnO2 as an active
cathode material becauseof its broad availability at low cost.
Electrolyticg-MnO2, whichcanbe viewedasan intergrowth ofb-
MnO2 and R-MnO2 phases, has a highly disordered crystal
structure and contains a large number of structural defects.2

Previousstudies have shown that the performanceof -ɹMnO2

cathodes in Zn/MnO2 batteries can be enhanced by nano-
structuringand by introducingoxygenand cation vacanciesinto
the crystallatticeof MnO2.
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Summary
Our study demonstrates that the presenceof bulk defects and
surfacessignificantlychangesthe bindingenergiesof hydrogenions
inserted into the structuresand attachedto the surfacesof MnO2

polymorphs. The results of our study indicate that surfacesand
structural defects play an important role in the electrochemical
reductionof MnO2 in rechargeableZn/ MnO2 batteries.

A. Hydrogen ion insertion into MnO2 polymorphs
containing Mn and O vacancies

¢!.Φ мΦ CƻǊƳŀǘƛƻƴ ŜƴŜǊƎƛŜǎ όҟ9ύ ŀƴŘ ŎŜƭƭ ǾƻƭǳƳŜǎ ό±ύ ƻŦ  b-, R-, and -MnO2 polymorphs.

FIG. 2. Optimized structures of b-, R-, and -MnO2 polymorphs containing Mn vacancies.

TAB. 3. Binding energies of hydrogen ions inserted  into b-, R-, and -MnO2

polymorphs containing Mn vacancies.

¢!.Φ нΦ CƻǊƳŀǘƛƻƴ ŜƴŜǊƎƛŜǎ όҟ9ύΣ ŎŜƭƭ ǾƻƭǳƳŜǎ ό±ύΣ ŀƴŘ ҟ± ƻŦ b-, R-, and -MnO2

polymorphs containing Mn vacancies. FIG.6. Optimized structures of the lowest energy surfaces of b-, R-,and -MnO2.

¢!.Φ сΦ /ŀƭŎǳƭŀǘŜŘ ǎǳǊŦŀŎŜ ŦƻǊƳŀǘƛƻƴ ŜƴŜǊƎƛŜǎ όҟ9ύ ŦƻǊ  b-, R-, and -MnO2 polymorphs.

Ourcalculationsshowedthat-MnO2 hadthe lowestenergyof
Mn vacancyformation, followedby that of the Rand p̡hases.
Theenergyof a hydrogenion inserted into a Mn-defected -̡
MnO2 wasapproximately30 meV/MnO2 lower than that for a
non-defected -̡MnO2. In contrast, the energiesof hydrogen
ions inserted into Mn-defectedR- and -ɹMnO2 were about 5-
10meV/MnO2 higherthan thosefor non-defectedstructures.

Accordingto our calculations,the lowest energysurfacesfor b-, R-,
and-MnO2 polymorphswere 110 & 010, 001 & 110, and 001 &
100, respectively. The energiesof hydrogen ions attached to and
inserted just under the surfacesof b-, R-, and-MnO2 polymorphs
were found to besignificantlylower than thosefor bulkMnO2.
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Thefirst-electron (0 �Gx �G1) reduction reaction in the Zn/MnO2

battery cathode is governed by proton intercalation into the
solidphaseof MnO2,

MnO2 + xH2O+xe�>�W��MnO2�>�Æ(OH)x + xOH�>.

In a simplifiedform, this reactioncanbewritten as

MnO2 + xH+ + xe�>�W��MnO2�>�Æ(OH)x.

To investigatethe influenceof structuraldefectsandsurfaceson
the electrochemicalproperties of MnO2 cathodes,we studied
the mechanismof hydrogenion insertion into theb-, R-, and-
MnO2 polymorphscontaining Mn vacancies,O vacancies,and
surfaces.

Results and Discussion

Thecomputedstructuresand formation energiesof the modeled
b-, R-, and-MnO2 polymorphswere in goodagreementwith the
resultsof our previousstudy.10

B. Hydrogen ion attachment to the surfaces and
insertion under the surfaces of MnO2 polymorphs

FIG. 4. Optimized structures of b-, R-, and -MnO2 polymorphs containing O vacancies.

TAB. 5. Binding energies of hydrogen ions inserted  into b-, R-, and -MnO2

polymorphs containing O vacancies.

¢!.Φ пΦ CƻǊƳŀǘƛƻƴ ŜƴŜǊƎƛŜǎ όҟ9ύΣ ŎŜƭƭ ǾƻƭǳƳŜǎ ό±ύΣ ŀƴŘ ҟ± ƻŦ b-, R-, and -MnO2

polymorphs containing O vacancies.

FIG. 5. Optimized structures of protonated b-, R-, and -MnO2 polymorphs 
containing O vacancies.

We found that -MnO2 had the lowest energyof O vacancy
formation, followed by that of the R and ʲphases. The
energiesof hydrogenions inserted into O-defected -̡ and R-
MnO2 were 23 meV/MnO2 & 7 meV/MnO2 lower, respectively,
than those for non-defected structures. The energies of
hydrogenions inserted into O-defected and non-defected -ɹ
MnO2 wereapproximatelythe same.

FIG.7. Optimized structures of protonated surfaces of b-MnO2.

FIG.8. Optimized structures of protonated surfaces of R-MnO2.

FIG.9. Optimized structures of protonated surfaces of -MnO2.

TAB. 7. Binding energies of hydrogen ions attached to and inserted under the 
surfaces of b-, R-, and -MnO2 polymorphs.
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